Hookworms are known to cause marked changes to the intestinal mucosa, especially in relation to erosion of the villi. However, since the development of enteropathy has not been examined thoroughly through quantitative experiments on infected animals, the results of experiments conducted in hamsters infected with Ancylostoma ceylanicum are reported. Changes to intestinal architecture were first apparent between 12 and 14 days after infection, and then increased in intensity for 3-4 weeks, persisting for as long as worms were present (. 63 days). Following infection, the height of villi declined from a mean of 1002 mm in naïve controls to less than 200 mm and as low as 18 mm in one case. The depth of the crypts of Lieberkuhn increased from a baseline value of 166 mm in naïve controls to in excess of 600 mm within 6 weeks of infection. Mitotic figures had a baseline value of 5.5 per villus-crypt unit, and this rose to in excess of 25 in some experiments. Changes were dependent on the intensity of the parasite burden on day 20, but by 30 days after infection changes in all three values were maximal and density-dependent relationships were no longer clearly apparent. Villus height and crypt depth returned to near normal values within a week of the removal of worms, although group means for both remained different from naïve controls for at least 3 weeks after treatment. Cellular division, as reflected in numbers of mitotic figures, stayed elevated for over 5 weeks after removal of worms. The results suggest that enteropathy in hookworm infections stems from a combination of intestinal immune responses and from the grazing activities of the adult worms on the mucosal surface, but is not sufficient per se for expulsion of this parasite.
Introduction
Enteropathy is a common feature of many infectious and non-infectious intestinal conditions. It can include changes to the architecture of the mucosa itself (e.g. changes in the height of the villi and the depth of the crypts of Lieberkuhn), arising from altered rates of cell division, reflected also in numbers of mitotic figures per villus-crypt unit, as well as upregulation of epithelial cell turnover, infiltration of the mucosa by inflammatory cells such as mast cells and eosinophils and changes in the capacity of the gut to absorb and secrete fluids including various nutrients (e.g. fats and vitamins) (MacDonald et al., 1999; Cliffe et al., 2005) . Enteropathy can stem from inappropriate immune responses to food antigens and components of the symbiotic intestinal bacterial flora, through components of the host's response to infection, as well as from the direct activities of the infectious organisms, via damage to the mucosa by released toxins or feeding activities (Castro, 1990; Behnke, 1991; Cooper et al., 1992; Garside et al., 2000; MacDonald et al., 2000; Graham et al., 2004) .
There has been a longstanding interest in the enteropathy associated with intestinal nematode infections (Symons, 1965 (Symons, , 1976 Ferguson & Jarrett, 1975; Coop et al., 1979) , although progress in understanding the underlying mechanisms has accelerated in the last two decades through the use of genetically modified mouse strains. Much of this analytical work has used the mouse-Trichinella spiralis model and this has generated hypotheses based on immunologically driven mechanisms of enteropathy, both Th2-mediated (Garside et al., 1992; Lawrence et al., 1998) and, more recently, mediated via innate immunity (McDermott et al., 2005) . The key parameters quantified in such studies have been villus height, crypt depth and mucosal cellular division as reflected by mitotic figures.
Analysis of enteropathy in hookworm infections is complicated by the fact that these parasites, unlike the common laboratory models of T. spiralis, Nippostrongylus brasiliensis and Trichuris muris, actually feed on the mucosa, ripping off and internalizing boluses of tissue (Kalkofen, 1970; Loukas et al., 2005) . Feeding results in considerable blood loss, both through worm uptake (Wells, 1931; Cheng-Li et al., 1966) and from haemorrhage into the gut lumen, the combination leading to the typical hookworm induced iron-deficiency anaemia (Roche & Layrisse, 1966; Kalkofen, 1970; Pritchard et al., 1991) . Studies on humans infected with hookworms, based either on post-mortem samples of the intestine or on biopsy specimens obtained through endoscopy, have shown that the intestinal mucosa can be severely eroded and inflamed, the latter involving mastocytosis and globlet cell hyperplasia (Sheehy et al., 1962) , but the relevance of these changes has been a point of considerable controversy (Miller, 1979) . Many such studies have lacked truly reliable controls, those that were used being based on samples from patients suffering from other diseases or subjects from impoverished communities where the diet was deficient (Prociv, 1997) ; hence the observed enteropathy could not easily be causally associated with hookworm infection (Azziz & Siddiqui, 1968; Burman et al., 1970; Behnke, 1991; Kelly et al., 2004) .
Experimental work is limited to observations on single (Carroll et al., 1984 (Carroll et al., , 1985 or small numbers of dogs (Migasena et al., 1972) . To our knowledge, there have been no well controlled quantitative studies assessing the chronological development of enteropathological changes during hookworm infection (in models where worms develop to the adult stage but see Carroll et al., 1986) , their relationship to varying levels of infection, or the effects of subsequent removal of worms by chemotherapy. In the present paper, exploiting the hamster-adapted strain of A. ceylancium (Behnke, 1990) , results are reported of five experiments that were conducted to examine the relationship between infection with this hookworm and development of enteropathy.
Materials and methods

Ancylostoma ceylanicum
The strain of A. ceylanicum used has been maintained at the University of Nottingham since 1984 and was originally obtained from Dr Rajasekariah of Hindustan CIBA-Geigy Ltd, Bombay, India. It is believed to be of dog origin. The methods employed for maintenance of the parasite, for worm recovery and faecal egg counts have all been described previously in full (Garside & Behnke, 1989; Behnke et al., 1997) .
Hamsters
Golden hamsters (DSN strain) were originally obtained from Harlan Olac in 1983 and since then have been maintained in the animal house of the School of Biology as a closed colony. Animals were kept under conventional animal house conditions. Pelleted food and tap water were supplied ad libitum. Cages were cleaned twice weekly to prevent reinfection. Animals were first weighed one or two weeks before infection and thereafter twice weekly until the completion of each experiment.
Since the colony was maintained under conventional animal house conditions, the animals were exposed to various microorganisms present in the environment. In order to prepare hamsters for infection and reduce other competing intestinal microorganisms, all animals allocated to experiments were pre-treated for one week with Emtryl (May & Baker, dimetridazole at a concentration of 1 g l 21 in drinking water), then for another week with Terramycin (Pfizer, oxytetracycline hydrochloride, 3 g l 21 in drinking water), and were returned to normal drinking water for one week prior to infection.
Worms were removed from infected animals (experiment 5) by treatment with ivermectin ('Ivomec super' MSD AGVET, Division of Merk Sharp and Dohme Limited, Holland). A stock concentration of 200 mg ml 21 drug was made by a 1 in 50 dilution using distilled water and this was used to treat at 200 mg kg 21 body weight.
Quantification of changes to gut architecture
At autopsy, pieces of tissue were taken from the intestine (each about 1 cm square) approximately 10 cm below the pyloric sphincter, and fixed in Clark's fixative (75% ethanol and 25% glacial acetic acid V/V). Samples were placed in 50% ethanol for 10 min, transferred into tap water for another 10 min, and then placed in preheated 1N HCl at 608C for 7.5 min. They were then transferred to tap water for 10 min. Samples were washed three times in tap water and then placed in 2 ml of Schiffs reagent for 20 -30 min. Stained samples were washed in tap water to remove excess stain. The muscularis layers were gently removed with fine forceps and the section was cut to provide lines of villi and crypts using a cataract knife before being placed onto microscope slides with a drop of 45% acetic acid and gently covered with a cover slip. The samples were then viewed under a microscope fitted with a calibrated eyepiece graticule and the lines of 20 randomly chosen villi and crypts were measured. The slides were then gently compressed until the crypts had disrupted and mitotic figures were counted under high power ( £ 40).
Experimental design
The effect of infection with Ancylostoma ceylanicum on mucosal architecture
Two experiments were carried out in which villus height, crypt depth and the number of mitotic figures per villus-crypt unit were monitored at different times during infection. In experiment 1, 26 hamsters and in experiment 2, 30 hamsters were infected with 100 third stage larvae (L3). Additionally, 14 and 15 hamsters, respectively, were left uninfected as the control groups. Infected hamsters were killed in groups of 3-5 at weekly intervals from day 7 to day 42 post-infection (pi). Control groups of 4 -5 were killed on the first day of the experiment (day 0, when the infection was given to the experimental group), day 14 and day 42.
The effect of varying the worm burden with Ancylostoma ceylanicum on mucosal architecture
Two experiments were carried out in which the dose of administered larvae was varied in order to ascertain whether the changes in mucosal architecture were dependent on the number of worms present. In experiment 3, 50 hamsters were used, 10 of which were left uninfected, and the remaining 40 were infected with doses ranging from 50 L3 (n ¼ 10), 100 L3 (10), 150 L3 (5), 200 L3 (5) to 250 L3 (5). On day 12 after infection 5 hamsters from each group were killed for assessment of worm burdens and intestinal architecture. The remaining animals (5 controls, 5 each infected with 50 and 100 L3) were killed 18 days later on day 30 pi. The infections in animals destined for autopsy on day 30 were restricted to 100 and below to limit possible mortality. Experiment 4 comprised 30 hamsters, 5 uninfected naïve control animals and 5 each infected with 30, 60, 100, 150 and 200 L3. All the animals were killed for worm counts and assessment of intestinal architecture on day 20 pi.
The effect of removing adult Ancylostoma ceylanicum on day 28 after infection on mucosal architecture Experiment 5 comprised 60 female hamsters in total. Fifteen (group 1) were not infected or treated and provided naïve control data on days 28, 49 and 63 of the experiment. Twenty five animals (group 2) were infected with 50 L3 and were autopsied on days 28, 35, 42, 49 and 63 pi. The final group (group 3) comprised 20 animals infected as in group 2, but given a single oral dose of ivermectin on day 28 pi and autopsied on days 35, 42, 49 and 63 pi.
Statistical analysis
The frequency distributions of data were tested for goodness of fit to negative binomial, positive binomial and Poisson models by x 2 as described by Elliott (1977) , using bespoke software. Analysis was then by one-way or two-way ANOVA in GLIM (SPSS version 9.0.0) with or without relevant co-variates (e.g. days after infection to assess changes with time and control for time effects when estimating significance of other factors). Each model was assessed for goodness of fit by R 2 , and the residuals were checked for approximately normal distribution. If data did not conform to the assumptions of parametric analyses, transformation was used to normalize the distribution (e.g. log 10 (x þ 10)) and where a satisfactory transformation could not be achieved the effect of treatment was analysed by the nonparametric Mann-Whitney U test (for two group comparison) and the Kruskal-Wallis one-way ANOVA if more than two groups were compared. The final statistical models fitted to the data are explained more comprehensively in the results section.
Results
Range of values observed in uninfected hamsters
As there is very little information available in the literature on the range of normal values for villus height, crypt depth and number of mitoses in hamsters, and in our DSN strain in particular, data were pooled from a range of experiments. Forty eight of these values were from hamsters that contributed to the experiments reported later in this paper, and 25 were from other experiments.
Mean villus height (10 cm from the pyloric sphincter) was 1002.4^9.66 mm. However, the variance was relatively high (61 818.8) and the distribution did not conform to a normal distribution, but rather to a negative binomial (see legend to fig. 1 for analysis). The distribution showed a negative skew, arising from the five hamsters that had values of less than 850 mm and fewer than expected in the class range 951-1000 mm.
Mean crypt depth was 166.6^3.56 mm with a variance of 924.7, but assessment by the Chi-squared test showed that the distribution was not significantly different from the normal distribution, even though some categories exceeded expected counts, particularly among the deeper crypts. The frequency distribution was equally well described by the negative binomial distribution.
The mean number of mitotic figures per villus-crypt unit was 5.5^0.22, with a variance of 3.5, and the frequency distribution was well described by the normal distribution, although it was not significantly different from the negative binomial.
Temporal changes in mucosal architecture during infection
with Ancylostoma ceylanicum (experiments 1 and 2)
Worm burdens
The worm burdens recovered at autopsy from the infected animals are illustrated in fig. 2 . This shows that in experiment 1 more worms established compared with experiment 2 (one-way ANOVA in GLIM with experiment as a fixed factor and days as covariate on log 10 (worm burden þ 10) transformed data, for main effect of experiment F 1,52 ¼ 42.7, P , 0.001), and in experiment 1 worm burdens declined with time to an average of 15.3^6.5 by day 42 post-infection (see legend of fig. 2 for statistical analysis), representing a 61% reduction in worm burden. In contrast in experiment 2, where initial establishment (as adjudged by day 7 worm counts) was much lower, there was no significant loss of worms with time, indicating stable worm burdens, despite the variation in means between successive weeks.
Effect of infection on the height of small intestinal villi
In both experiments there was a marked difference in villus height between infected and naïve animals ( fig. 3 and legend). On the day of infection, in experiment 1, villus height was lower than expected (mean of Effect of hookworm on intestinal mucosa of hamsters 772.6^46.7 mm compared with background mean in naïve animals of 1002.4^9.66 mm ( fig. 1 ), perhaps suggesting a mild contaminating intestinal infection, but the values for naïve hamsters on days 14 and 42 were well within the normal range and very similar. In experiment 2, the mean values ranged from 1060 to 1093.5 mm, well within the normal range, but there was a slight but significant upward drift with time (regression of villus height on time after infection, in naive animals only, b ¼ 0.80^0.36, t ¼ 2.24, P ¼ 0.043, adjusted R 2 ¼ 22.3%), representing an increase in villus height of 3.4%.
In contrast, in both experiments the height of villi in infected animals declined sharply after a week of infection ( fig. 3a) . In experiment 1, villus height fell by 42% by day 14, and then continued to decline with the lowest values being recorded on day 28 (regression of villus height on time after infection, in infected animals only, b ¼ 2 13.0^2.15, t ¼ 2 6.053, P , 0.001, adjusted R 2 ¼ 62.9%). On the final day of the experiment villi were 59.7% shorter in infected animals compared with naïve controls on the same day. In experiment 2, villus height was 49.16% lower compared with infected animals on day 14 and 82.9% lower on day 42. Again villus height fell The data-set is based on 73 hamsters pooled from a number of experiments to show the range of values that were obtained with naive hamsters from our colony. These values therefore form the baselines for these parameters against which changes in infected animals were assessed. Columns show the number of hamsters in each class range and the line graph the best-fit expected distribution for each data-set. a. The frequency distribution for villus height did not conform to a normal distribution (x 2 4 ¼ 19:5; P ¼ 0.001), but the best fit was to the negative binomial (x 2 5 ¼ 7:5; P ¼ 0.19). The illustrated expected distribution is for that of the negative binomial. b. The distribution of crypt depths was not significantly different from the normal distribution (x 2 5 ¼ 7:7; P ¼ 0.17; the illustrated expected distribution), but was also not significantly different from the binomial, Poisson and negative binomial distributions (in all cases P . 0.6). c. The distribution of number of mitoses per villus-crypt unit was not significantly different from the normal distribution (x 2 5 ¼ 8:2; P ¼ 0.14; the illustrated expected distribution), but was also not significantly different from the binomial, Poisson and negative binomial distributions (in all cases P . 0.12). consistently with time (regression of villus height on time after infection, in infected animals only, b ¼ 220.6^1.57, t ¼ 2 13.12, P , 0.001, adjusted R 2 ¼ 86%).
Effect of infection on the depth of the crypts of Lieberkuhn
In both experiments there was a marked timedependent increase in crypt depth in infected compared with naive animal (fig. 3b,d ). The crypts of naive animals in experiment 1 were longer than the normal range ( fig. 1 ) with means on days 0, 14 and 42 being 48.6%, 20.8% and 29.8%, greater than the mean value of 166.6 mm recorded for naïve animals. In experiment 2 the mean values of 181, 182.5 and 198 mm, on days 0, 14 and 42 were within the normal range but depth increased significantly, albeit marginally, with time (regression of log 10 (crypt depth) on time after infection, in naïve animals only, b ¼ 2 0.00 097^, 0.001, t ¼ 2.30, P ¼ 0.039, adjusted R 2 ¼ 23.4%).
However, it is very clear that crypt depth increased markedly following infection in both experiments, the means diverging significantly between the two groups (the two-way interactions in fig. 3b and d legend) and falling continuously throughout the experiment (regression of crypt depth on time after infection, in infected animals only, experiment 1b ¼ 210.534^0.91, t ¼ 11.5, P , 0.001, adjusted R 2 ¼ 86.3% and experiment 2 (log 10 (crypt depth) transformed dependent variable) Note that although naïve control groups were actually killed on day 0, the day of infection, for the purpose of statistical analysis they were fitted as day 7 to correspond with the day on which the first infected group of animals was killed. W, Naïve animals; B, infected animals. a. Experiment 1. Two-way ANOVA in GLIM with time after infection and treatment (infected or not infected) as fixed factors on villus height, for main effect of treatment F 1,27 ¼ 183.1, P , 0.001; for main effect of time F 1,27 ¼ 22.3, P , 0.001; for the two-way interaction between time and treatment F 2,27 ¼ 93.2, P , 0.001. Adjusted model R 2 ¼ 94.7%. b. Experiment 1. Two-way ANOVA in GLIM with time after infection and treatment (infected or not infected) as fixed factors on crypt depth, for main effect of treatment F 1,27 ¼ 48.5, P , 0.001; for main effect of time F 4,27 ¼ 61.1, P , 0.001; for the two-way interaction between time and treatment F 2,27 ¼ 91.7, P , 0.001. Adjusted model R 2 ¼ 94.3%. c. Experiment 2. Two-way ANOVA in GLIM as in a, for main effect of treatment F 1,36 ¼ 1317.5, P , 0.001; for main effect of time F 5,36 ¼ 170.0, P , 0.001; for the two-way interaction between time and treatment F 2,36 ¼ 273.4, P , 0.001. Adjusted model R 2 ¼ 98.9%. d. Experiment 2. Two-way ANOVA in GLIM as in c but on log 10 (crypt height) transformed dependent variable, for main effect of treatment F 1,36 ¼ 404.7, P , 0.001; for main effect of time F 5,36 ¼ 100.1, P , 0.001; for the two-way interaction between time and treatment F 2,36 ¼ 136.3, P , 0.001. Adjusted model R 2 ¼ 97.2%.
Effect of infection on the mitotic number
In both experiments there was a marked change in the number of mitoses observed in villus-crypt units after infection (fig. 4) , but there were also changes in the naïve hamsters that complicated interpretation. All the mean values in naïve animals were well within the normal range ( fig. 1, 1 -9 mitoses per villus-crypt unit), but in experiment 1 there was a consistent fall in mitoses with time (regression of mitotic figures on time after infection, in naïve animals only, b ¼ 2 0.092^0.27, t ¼ 23.39, P ¼ 0.006, adjusted R 2 ¼ 46.6%). No significant change with time was evident in experiment 2, in which the means were higher, relative to experiment 1, on all three days.
For technical reasons it was not possible to measure mitoses in infected hamsters in experiment 1 on days 35 and 42, but the marked rise in mean counts earlier in infection is clearly evident in fig. 4a , as is the significant divergence between infected and naïve animals with time (the two-way interaction in legend to fig. 4a ). However, even at the height of the response on day 21 the mean value was only just outside the normal range ( fig. 1) . In contrast, the response peaked on day 28 in experiment 2 at a mean count of 19, more than twice the maximum value in the normal range and 2.8 times higher than the average for the naïve controls in this experiment.
The effect of varying the worm burden on mucosal architecture
Using data from experiments 3 and 4, analyses of the relationship between the measured parameters and worm burdens were conducted 12 (experiment 3), 20 (experiment 4) and 30 (experiment 3) days after infection. Twelve days after infection worm burdens ranged from 6 to 112 worms, 20 days pi the range was 3 to 35 worms and 30 days pi was 8 to 36. Thus on each of the three days a range of parasite burdens was established and dosedependent changes in architecture should have been apparent.
On day 12 after infection, there was no evident directional quantitative relationship between worm burdens and any of the three parameters measured (r s ranged from 2 0.05 to 0.24, n ¼ 30, P ¼ NS). In control hamsters the mean villus height was 641.5^65.0 mm, lower than expected for the normal range, but values in hookworm-infected hamsters were higher at 877.7^34.2 mm and this difference was significant (naïve vs. infected, Mann-Whitney U-test, U ¼ 16, n ¼ 30, z ¼ 2 2.59, P ¼ 0.01). Crypt depth in uninfected hamsters was 158.5^10.8 mm, which is well within the normal range, and the mean value was slightly higher in the infected animals (178.0^4.8 mm) but there was no significant difference between the two groups (naïve vs. infected, Mann-Whitney U-test, U ¼ 33, n ¼ 30, z ¼ 2 1.64, P ¼ NS). The number of mitoses in naïve animals was 9.31^0.48 per villus-crypt unit, and slightly higher at 10.9^0.5 in infected animals. The former was just outside the normal range, but there was no significant difference between the groups (naïve vs. infected, Mann-
On days 20 and 30 all three relationships were highly significant, with negative relationships between worm burden and villus height on both days and positive relationships for worm burden and crypt depth, and number of mitoses ( fig. 5 , and see legend for statistical analysis). It can be seen from these data, that on day 20 the dose-dependent nature of the relationships was apparent at low parasite burdens (, 10 worms), but then a ceiling effect was observed with little further change (villus height and mitoses), although crypt depth continued to increase ( fig. 5b) . However, by day 30 the significant correlations were almost entirely attributable to the firm root provided by the control group, and among the infected animals no dose-dependent relationship, as such, was evident.
The effect of removing Ancylostoma ceylanicum on mucosal architecture
All the hamsters in groups 2 and 3 became infected as adjudged by worm counts for group 2 (mean worm recoveries on days 28, 35, 42, 49 and 63 after infection were 10.0^2.1, 19.4^4.5, 14.8^4.1, 9.2^1.5, and 8.4^1.0, respectively; there was no significant difference in worm burdens between these times, Kruskal-Wallis test x 2 4 ¼ 8:2; P ¼ 0.09) and faecal egg counts on days 22 and 23 after infection in group 3. The faecal egg counts of hamsters in group 3 varied in the range 2000 to 5000 eggs per gram of faeces on days 22 and 23, but were completely negative on days 31 and 32 (3 and 4 days after administration of ivermectin). Furthermore, no worms were recovered at autopsy from any of these animals.
The data illustrated in fig. 6 show that the control and infected but not treated groups behaved much as in earlier experiments, infection being associated with a dramatic decline in villus height ( fig. 6a ), increase in crypt depth ( fig. 6b ) and an increase in the mitotic activity ( fig. 6c ). As in previous experiments, these changes were already clearly evident on day 28 after infection when group 3 was treated with anthelmintic. Figure 6b shows that crypt depth recovered almost completely within a week of treatment, villus height took somewhat longer with means in the infected-treated group 3 lower than those of naïve controls (group 1) until the end of the experiment. Similarly, mitotic activity stayed elevated after treatment until the end of the experiment on day 63, albeit considerably lower than in the animals that continued to harbour worms (group 2).
Discussion
The experiments reported in the present paper have demonstrated clearly the marked changes that occur in the intestines of hamsters infected with the hookworm Ancylostoma ceylanicum. Changes were detected at the levels of cellular proliferation and in the marked alteration of the mucosal architecture in the anterior small intestine. These changes were dependent on the presence of worms, the number of worms present (density-dependent) and the duration of the infection.
To the best of our knowledge these are the first quantitative and time course data describing changes in mucosal architecture during hookworm infections.
There was little significant change in villus and crypt measurements during the early phase of infection, up to 7 days pi (experiments 1 and 2) when the worms are growing as third and fourth stage larvae; even by 12 days pi (experiment 3) there was no indication that either parameter differed significantly from values in naïve controls. In hamsters, A. ceylanicum moults to the preadult stage 6 -11 days pi (Ray et al., 1972; Garside & Behnke, 1989) and it is only after this time that blood loss is evident in a decline in haematocrit (Garside & Behnke, 1989) and haemoglobin levels (Bungiro et al., 2001 ). The present experiments showed that soon after the L4/ preadult moult villus height fell rapidly and crypt depth increased. Villus atrophy was particularly marked, with a reduction from a baseline value of 1002 mm to often less than 200 mm, and in some cases almost complete loss of villi. For example in experiment 5 villus length declined to a mean of just 14 mm on day 63 in animals that harboured a mean of 8.4 worms, and yet the impressive resilience of hamsters to infection was clearly evident in an absence of any significant weight loss. Seven days before infection the group mean weight was 134.6^5.6 g and on day 63 pi, 138.3^4.9 g, an increase of 3.7 g compared to an increase of 6.5 g by naïve controls in the corresponding period.
The changes in mucosal architecture were not only related to time after infection, but also to the intensity of infection. We carried out three dose-response experiments and in each established a wide range of worm burdens. There was no evidence of any change in parameters 12 pi, and by day 30 pi, the only differences observed were between infected and uninfected animals. Among the infected animals, there was no convincing correlation with increasing worm burdens. This presumably reflects a ceiling effect, and although all three parameters showed some variation in infected animals, and between experiments including some extreme values 
(villus height on day 63 pi in experiment 5), at the treatment group level these probably reflect the maximum possible change. The most convincing evidence for a dose-related effect on mucosal architecture was observed in experiment 4, when animals were culled on day 20 pi. Quite clearly here, villus length had not yet fallen to its maximum (below 200 mm), crypt hyperplasia and mitoses per villus-crypt unit had not increased to their respective maxima. Among the lower worm burdens, i.e. 10 and fewer worms, a dose response was evident ( fig. 5 ).
Our data also show that recovery from infection is very rapid indeed and this accords with the general observations both that the intestine has immense reserve, capacity for renewal and recovers rapidly from insult (Ido et al., 2005; Radtke & Clevers, 2005) , and that local intestinal pathology at the site of attachment disappears rapidly after the worms have moved on to new feeding sites in the intestine (Burman et al., 1970; Kalkofen, 1974) . Hookworms create lesions, ulcer-like patches, at their sites of attachment which heal within 6 -24 h (Kalkofen, 1970 (Kalkofen, , 1974 Prociv, 1997) and it is possible that some of the tissue samples taken for measurement of mucosal architecture contained very recent attachment sites. However, the worm burdens were relatively low and adults of this species are distributed throughout the anterior half of the small intestine of hamsters (Rajasekariah et al., 1985) rather than aggregating specifically 10 cm from the pylorus in the sections taken for measurements, and although this may be one explanation of the extreme values for villus height in some animals, the likelihood that worms had recently fed in all the hamsters in the sections taken for analysis is minimal. Hence, we do not consider this to be a significant complication in interpreting our data and, moreover, the overall consistency of the changes that we recorded argues against such an explanation. In our experiments, a marked improvement, as reflected in a return to values characteristic of uninfected animals was observed by 7 days after treatment. Both villus and crypt values were within the control range throughout the following 4 weeks of infection despite the group means being generally lower than those of the control group. Interestingly, the number of mitotic bodies per villuscrypt units remained elevated and well above controls, on day 63 pi, 5 weeks after the worms had been removed.
The majority of hookworms feed on the intestinal mucosa, changing feeding sites at 4 -6 h intervals (Kalkofen, 1970) , although some species penetrate well into the submucosa (Bonne, 1942; Verma et al., 1968; Kalkofen, 1974; Loukas et al., 2005) . Since there is little evidence of anaemia earlier than day 7 pi and no villous atrophy or crypt hyperplasia before day 12 pi (Garside & Behnke, 1989; Menon & Bhopale, 1985) , deep grazing on the mucosa with associated blood loss is probably only associated with the pre-adult and adult stages of A. ceylanicum. Therefore, the slow decline of villus height is consistent with the onset of grazing on the mucosal surface by adult worms.
Nevertheless, villous atrophy, crypt hyperplasia and an increase in mitotic activity are all well known to be associated with intestinal immune responses to gastrointestinal nematode infections . Two Days after infection Mean no. of mitoses ± S.E.M. Fig. 6 . The effect of removing Ancylostoma ceylanicum, by treatment with anthelmintic, on mucosal architecture. W, Naïve uninfected hamsters; B, infected hamsters;O, hamsters that were infected and then treated with anthelmintic 28 days after infection in order to remove the worms. a. Effect on villus height two-way ANOVA in GLM with time after infection and treatment (not infected, infected not treated and infected treated) as fixed factors on villus height, for main effect of treatment F 2,48 ¼ 838.3, P , 0.001; for main effect of time F 4,48 ¼ 6.8, P , 0.001; for the two-way interaction between time and treatment F 5,48 ¼ 48. (2005) concluded that enteropathy in T. spiralis infection was mediated by IL-13 derived from NK cells and was not T-cell dependent and hence was a function of the non-adaptive, innate immune response. In hookworm infections villous atrophy may be partially explained also by the grazing activities of the adult worms. Whilst changes in crypt depth and mitotic activity are unlikely to be a direct consequence of worm feeding, they could reflect a homeostatic up-regulation of mucosal turnover to compensate for tissues lost to the worms or, as in other intestinal infections, a Th2 mediated mucosal response to infection with worms. As shown by Garside et al. (1990) and Alkazmi (2004) , primary infections in hamsters are associated with mastocystosis and globet cell hyperplasia, suggesting a Th2 driven mucosal response to the worms. Another aspect of these results that is worth commenting on concerns the relationships between the extent of the enteropathy and changes of worm burdens over time, and in relation to the number of worms present. In experiment 1 in the present study, where relatively high worm burdens were initially established, there was a continued downward drift in parasite numbers from week 1 onwards (61% loss of worms between days 7 and 42 pi), whereas in experiments 2 and 5, where fewer worms established initially, there was no evidence of worm loss. Given this difference in worm burdens and kinetics of infection, it is interesting to note that in experiment 1, where worm burdens were greater and loss of worms did take place, villus height did not fall as low as in experiments 2 and 5, where, despite fewer worms, villus height continued to be eroded until weeks 5 (experiment 2) and 9 (experiment 5). Similarly, in experiment 1 crypt depth was shallower in week 6 compared with experiments 2 and 5. These observations suggest that where protective mechanisms are elicited and worm loss is initiated, mucosal damage may be limited, which in turn implies that worm feeding, rather than host response, may be a major contributor to the enteropathy. However, the dose response data argue against the idea that villus height is primarily attributable to worm feeding ( fig. 5 ). On day 20 for example, when the worms were adult and the infection was several days into patency, despite an overall negative relationship between worm burden and villus height, when the uninfected animals were excluded from consideration the relationship became very weak. In fact, in the range 5 -35 worms, villus height was very similar. We might have expected 35 feeding worms to abrade the intestinal mucosa to a considerably greater degree than just 5.
Perhaps the most impressive aspect of the present data is the duration over which the enteropathy was sustained without any obvious weight loss by hamsters, or loss of worms (experiment 2). In contrast to the mouse-T. spiralis model, where enteropathy is rapidly ameliorated after the worms have been expelled in weeks 2 and 3 (Lawrence et al., 1998) , here almost complete loss of villi was still evident on day 63 pi (fig. 6 ) when worms were present. Hookworm infections in hamsters therefore provide a useful model for studying chronic enteropathy in the small intestine, with possible relevance to diseases such as coeliac and Crohn's disease in which enteropathy can be a lifelong condition (MacDonald & Montelone, 2005) . It is most likely that the changes that we observed were a consequence of a largely ineffective immune response against the worms, enhanced in the case of villous atrophy by the grazing activities of the worms themselves. The exact contributions of innate and adaptive immune responses and worm feeding activities to this phenomenon remain to be elucidated.
